Background Chronic renal failure (CRF) is associated with hypertriglyceridemia and impaired clearance of very low density lipoprotein (VLDL) and chylomicrons which are largely due to lipoprotein lipase (LPL) deficiency/ dysfunction. After its release from myocytes and adipocytes, LPL binds to the endothelium in the adjacent capillaries where it catalyzes hydrolysis of triglycerides in VLDL and chylomicrons. The novel endothelium-derived molecule, glycosylphosphatidylinositol-anchored binding protein 1 (GPIHBP1), plays a critical role in LPL metabolism and function by anchoring LPL to the endothelium and binding chylomicrons. GPIHBP1-deficient mice and humans exhibit severe hypertriglyceridemia and diminished heparin-releasable LPL, pointing to the critical role of GPIHBP1 in regulation of LPL activity. Given its central role in regulation of LPL activity and triglyceride metabolism, we explored the effect of chronic kidney disease (CKD) on GPIHBP1 expression.
Introduction
Chronic renal failure (CRF) is associated with hypertriglyceridemia, impaired clearance of very low density lipoprotein (VLDL) and chylomicrons and triglyceride enrichment of low density lipoproteins (LDL) and high density lipoproteins (HDL) [1] [2] [3] [4] [5] [6] [7] [8] [9] . These abnormalities are associated with, and largely due to, hepatic lipase [10] , LDL receptor-related protein (LRP) [11] and lipoprotein lipase (LPL) deficiencies [12] [13] [14] [15] [16] . LPL is primarily produced and secreted by myocytes and adipocytes. The secreted LPL initially binds to the surface of the secreting cell and subsequently relocates to the adjacent capillaries where it binds to the endothelial surface. Within the capillary lumens LPL catalyzes hydrolysis of triglycerides in VLDL and chylomicrons leading to the release of free fatty acids for uptake by the adjacent myocytes for energy production and by adipocytes for re-esterification and storage as triglycerides.
LPL has been thought to bind to the capillaries via interaction of its positively charged heparin-binding domains [17] with the negatively charged heparan sulfate proteoglycans on the surface of endothelial cells [18, 19] . However, until recently the precise nature of the endothelium-derived molecules involved in the lipolytic processing of chylomicrons was unknown [18] . Recent studies have revealed the critical role of a 28-kDa endothelium-derived molecule, glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1 (GPIHBP1), in the LPL-mediated lipolytic processing of triglyceride-rich lipoproteins [20] .
GPIHPB1 plays a critical part in the transport and binding of LPL to the endothelial surface of the capillaries in the skeletal muscle, myocardium and adipose tissue [21, 22] . In addition, GPIHPB1 binds chylomicrons and thereby facilitates LPL-mediated lipolysis of their triglyceride contents. GPIHBP1 contains three distinct domains: (1) an acidic aspartate/glutamate-rich domain which is essential for binding LPL and chylomicrons, (2) a cysteine-rich lymphocyte antigen 6 (Ly6) domain which is also involved in binding LPL, and (3) a hydrophobic carboxyl-terminal motif that is removed and replaced with a glycosylphosphatidylinositol (GPI) anchor in the endoplasmic reticulum [21] [22] [23] . The GPIHBP1 binding to the endothelial surface is mediated by insertion of the GPI moiety in the cell membrane [22] . The role of GPIHBP1 in regulation of LPL activity is supported by the following observations: (1) the pattern of tissue GPIHBP1 expression is similar to that of LPL (high levels in heart, adipose and skeletal muscle), (2) GPIHBP1-deficient mice and humans show severe hypertriglyceridemia and diminished heparinreleasable LPL [21] , and (3) GPIHBP1-expressing Chinese hamster ovary (CHO) cells avidly bind large lipoproteins harvested from GPIHBP1-deficient mice and exhibit 10-to 20-fold greater LPL binding capacity than control cells [22] .
To our knowledge the effect of chronic kidney disease (CKD) on expression of GPIHBP1in the heart, adipose tissue and skeletal muscle has not been previously investigated. Given the critical role of GPIHBP1 in regulation of LPL activity and triglyceride-rich lipoprotein metabolism, the present study was undertaken to explore the effect of CKD on expression of this endothelium-derived protein in the skeletal muscle, adipose tissue and myocardium.
Materials and methods

Study groups
Male Sprague-Dawley rats with an average body weight of 225-250 g (Harlan Sprague-Dawley Inc., Indianapolis, IL, USA) were used in this study. Animals were housed in a climate-controlled vivarium with 12-h day and night cycles and were fed a standard laboratory diet (Purina Mills, Brentwood, MO, USA) and water ad libitum. The animals were randomly assigned to the CRF and sham-operated control groups. The CRF group underwent 5/6 nephrectomy by surgical resection of the upper and lower thirds of the left kidney, followed by right nephrectomy 7 days later. The control group underwent a sham operation. The procedures were carried out under general anesthesia with an intraperitoneal injection of ketamine/xylazine, using strict hemostasis and aseptic techniques. The animals were provided free access to regular rat chow and water and observed for 12 weeks. Six animals were included in each group. Timed urine collections were carried out using metabolic cages. Tail arterial blood pressure was determined as described previously [24] . At the conclusion of the observation period, animals were euthanized by exsanguination using cardiac puncture under general anesthesia. Blood, heart, soleus muscle, subcutaneous and visceral fat tissues were collected.
Plasma total cholesterol, triglyceride, LDL cholesterol, HDL cholesterol, urea and creatinine and urine protein and creatinine concentrations were measured as described previously [24, 25] . Creatinine clearance was calculated using a standard equation. The experimental protocol was approved by the Institutional Animal Care and Use Committee of the University of California, Irvine.
Western blot analyses
The tissues were homogenized on ice in modified RIPA lysis buffer containing 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 1 mM PMSF, and protease inhibitor cocktail (Sigma-Aldrich Inc., St. Louis, MO, USA). Protein concentration in the tissue homogenates was determined by BSA assay kit (Pierce Inc., Rockford, IL, USA) and 60 lg of total protein from each sample were fractionated on 4-12% Bis-Tris gradient gel (Invitrogen Inc., Carlsbad, CA, USA) at 120 V for 2 h and transferred to a nitrocellulose membrane. The membrane was then incubated with anti-LPL (1:200 dilutions, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and anti-actin antibodies (1:10,000 dilution; Sigma-Aldrich Inc.) overnight. The appropriate horseradish peroxidaseconjugated secondary antibodies (Sigma-Aldrich Inc.) were used at a 1:5,000 dilution. The membrane was visualized with SuperSignal Ò West Pico Substrate (Pierce Inc.) and developed by autoluminography.
Real-time absolute quantitative reverse transcriptasepolymerase chain reaction (real-time AqRT-PCR) Total RNA was extracted from rat tissues with TRI Reagent (Sigma-Aldrich Inc.), and reverse-transcribed into cDNA in 20 ll reaction volume with a mixture of random primers and oligo dT and Superscript III (Invitrogen Inc.). The cDNAs were diluted and quantified for expression of GPIHBP1, LPL and internal reference gene b-actin with Mx 300 real-time PCR system (Stratagene, Santa Clara, CA, USA). Absolute quantification of GPIHBP1 and LPL expressions relative to reference genes (b-actin) was achieved by using the single standard for both target and reference genes provided by Ziren Research LLC (Irvine, CA, USA). The primer sequences can be obtained from Ziren Research LLC (http://www.zirenresearch.com) upon request.
Immunohistochemistry
Immunohistochemical analysis of the GPIHBP1 expression in the heart, skeletal muscle and adipose tissues was performed as follows. Briefly, 8-lm-thick cryosections were cut, mounted on slides, air dried and fixed in 4% paraformaldehyde/phosphate buffered saline. Endogenous peroxidase activity was removed using 3% hydrogen peroxide in water, and blocked with Protein Block Serum-Free 95.0 ± 14.0*** N = 6 in each group. Data are mean ± SD, * P \ 0.05, ** 0.01, *** 0.001 Fig. 1 Bar graphs depicting LPL/beta-actin mRNA ratios and GPIHBP1/beta-actin mRNA ratios in the skeletal muscle and adipose tissues of the CRF and normal control groups. N = 6 in each group, *P \ 0.05, **0.01, ***0.001 (Dako North America, Inc., Carpinteria, CA, USA). The sections were incubated overnight at 4°C with primary antibodies (1:50 rabbit anti-GPIHBP1 antibody; Abcam Inc., Cambridge, MA, USA). Antibody binding was amplified using ImmPRESS TM Anti-Rabbit Ig Reagent Kit (Vector Laboratories, Inc., Burlingame, CA, USA) and the complex visualized using diaminobenzidine. Nuclei were lightly stained with Mayer's hematoxylin.
Statistical analysis
Student's t test was used in statistical evaluation of the data that are expressed as mean ± SEM. P values B 0.05 were considered significant.
Results
General data
Data are summarized in Table 1 . As expected, the CRF group exhibited significant increases in plasma urea, creatinine, triglyceride, cholesterol and LDL cholesterol concentrations, arterial blood pressure and urine protein excretion. This was associated with a significant reduction in creatinine clearance (1.7 ± 0.47 vs. 5.3 ± 1.1 ml/min, P \ 0.001) and body weight when compared with the sham-operated control group. Hypercholesterolemia and elevation of plasma LDL in this model is due to heavy proteinuria which is caused by glomerulosclerosis.
LPL and GPIHBP1 data
Data are depicted in Figs. 1, 2 , and 3. Compared with the sham-operated control rats, the CRF group exhibited a significant reduction of LPL mRNA abundance in both skeletal muscle and adipose tissue (P \ 0.001). Likewise LPL protein abundance was significantly reduced in skeletal muscle (P = 0.0003), myocardium (P = 0.035) as well as subcutaneous (P = 0.034) and visceral (P = 0.0001) adipose tissues of the CRF rats. The reductions in LPL mRNA and protein abundance in the skeletal muscle and adipose tissue in the CRF animals were accompanied by parallel reductions of GPIHBP1 mRNA abundance in the tested tissues. Histological examination of the adipose tissue revealed a significant reduction of the size of the adipocytes in the CRF compared to the control group. This observation points to diminished lipid stores in the adipose tissue which is largely mediated by CKDinduced LPL deficiency. Immunohistological examination of the tissues showed a significant reduction of the GPIHBP1 immunostaining in the endothelium of the capillaries in the skeletal muscle, adipose tissue and myocardium in the CRF animals compared to the corresponding tissues in the control group (Fig. 3) .
Discussion
Until recently the lipolytic process was thought to be primarily controlled by myocytes and adipocytes with the adjacent capillary endothelial cells playing a passive part by hosting this process. However recent discovery of GPIHBP1 has unraveled the critical role of endothelial cells in regulation of the LPL-mediated lipolytic process [20] [21] [22] [23] . The role of GPIHBP1 in regulation of LPL activity is supported by the observations that the pattern of tissue GPIHBP1 expression is similar to that of LPL (high levels in heart, adipose and skeletal muscle), and both GPIHBP1-deficient mice and humans show severe hypertriglyceridemia and diminished heparin-releasable LPL [21] . Moreover, GPIHBP1-expressing CHO cells avidly bind large lipoproteins (d \ 1.006 g/ml) from GPIHBP1-deficient mice and exhibit 10-to 20-fold greater LPL binding capacity than control cells [22] . In a series of earlier studies we found a significant reduction of gene expression, protein abundance and enzymatic activity of LPL, and heparin releasable LPL in adipose tissue, skeletal muscle and myocardium of rats with CKD [14, 15] . In confirmation of the earlier studies, CRF rats employed in the present study exhibited a significant down-regulation of LPL mRNA and protein expressions in the skeletal muscle, myocardium and visceral as well as subcutaneous fat tissues. Down-regulation of LPL in skeletal muscle and adipose tissue in the CRF animals was accompanied by a significant reduction of GPIHBP1 mRNA abundance in these tissues. This observation suggests that CKD can simultaneously reduce LPL and GPIHBP1 transcript abundance by either suppressing their gene expression of or lowering their mRNA stability. The reduction of mRNA abundance was accompanied by a parallel reduction of immunostaining for GPIHBP1 protein in the corresponding tissues of the CRF animals. Thus acquired LPL deficiency is compounded by GPIHBP1 deficiency in CKD. LPL and GPIHBP1 deficiencies in CKD result in impaired clearance of triglyceride-rich Fig. 3 Representative photomicrographs depicting GPIHBP1 immunostaining of the skeletal muscle, myocardium, and adipose tissue of a CRF and a normal control rat lipoproteins and diminished availability of lipid fuel to adipocytes for energy storage and to myocytes for energy production. Together these defects contribute to the CKDassociated hypertriglyceridemia, cachexia, reduced exercise capacity and atherogenic diathesis.
The authors wish to note that the mechanism by which CRF down-regulates GPIHBP1 is presently unclear and awaits future investigations. Moreover, while demonstrating a direct association, the data presented are not sufficient to prove causality between LPL and GPIHBP1 deficiencies in CRF animals. Further studies are needed to determine the contribution of down-regulation of GPIHBP1 to LPL deficiency in CRF. Longitudinal studies employing animals with different types and severities of renal insufficiency can help to further define the course and consequences of the CRF-induced GPIHBP1 deficiency.
In conclusion, LPL deficiency in CKD is associated with and compounded by GPIHBP1 deficiency. Together these abnormalities contribute to impaired clearance of triglyceride-rich lipoproteins, diminished availability of lipid fuel for energy storage in adipocytes and energy production in myocytes and consequent hypertriglyceridemia, cachexia, muscle weakness and atherosclerosis.
